The gene mapt codes for the microtubule-associated protein Tau. The R406W amino acid substitution in Tau is associated with frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) characterized by Tau-positive filamentous inclusions. These filamentous Tau inclusions are present in a group of neurodegenerative diseases known as tauopathies, including Alzheimer's disease (AD). To gain more insights into the pathomechanism of tauopathies, we performed an RNAi-based large-scale screen in Drosophila melanogaster to identify genetic modifiers of Tau[R406W]-induced toxicity. A collection of RNAi lines, putatively silencing more than 7000 genes, was screened for the ability to modify Tau[R406W]-induced toxicity in vivo. This collection covered more than 50% of all protein coding fly genes and more than 90% of all fly genes known to have a human ortholog. Hereby, we identified 62 genes that, when silenced by RNAi, modified Tau-induced toxicity specifically. Among these 62 modifiers were three subunits of the Dynein/Dynactin complex. Analysis on segmental nerves of fly larvae showed that pan neural Tau[R406W] expression and concomitant silencing of Dynein/Dynactin complex members synergistically caused strong pathological changes within the axonal compartment, but only minor changes at synapses. At the larval stage, these alterations did not cause locomotion deficits, but became evident in adult flies. Our data suggest that Tau-induced detrimental effects most likely originate from axonal rather than synaptic dysfunction and that impaired retrograde transport intensifies detrimental effects of Tau in axons. In conclusion, our findings contribute to the elucidation of disease mechanisms in tauopathies like FTDP-17 or AD.
Introduction
Mutations in the gene mapt, which encodes Tau, are associated with frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) (1) (2) (3) . One of these autosomal-dominant, FTDP-17-causing mutations results in the amino acid substitution alanine to tryptophane at position 406 in the Tau protein (Tau[R406W]) (2) . Patients with FTDP-17 suffer from disturbed motor skills, behavior and cognition. In post-mortem brains derived from FTDP-17 patients, frontotemporal atrophy and massive loss of neuronal cells are observed. In most FTDP-17 patients, abnormal accumulations of the Tau protein are detected. In the case of Tau[R406W] carriers, these appear to be similar to Alzheimer's filaments (2) . Not surprisingly, Tau[R406W] was shown to display an enhanced tendency to form filaments as when compared with wild-type Tau (4) . Filamentous deposits of hyperphosphorylated microtubule (MT)-associated protein Tau, the so-called neurofibrillary tangles (NFTs), are cardinal features for several neurodegenerative disorders including Alzheimer's disease (AD) (5) (6) (7) (8) (9) . NFTs are the common pathological hallmark in all these diseases, which are summarized as tauopathies.
Physiological Tau is associated with MTs, stabilizing the highly dynamic MT network in mature neurons (10) (11) (12) (13) . In healthy condition, there is an equilibrium between Tau bound and unbound to MTs. In tauopathies, however, a large portion of Tau is hyperphosphorylated and not attached to MT (14, 15) . Hyperphosphorylated Tau is believed to have high aggregation propensity and accordingly represents the major constituent of NFTs (16) . However, it is still elusive how Tau, either native, hyperphosphorylated or aggregated, contributes to neuronal decline.
Several mechanisms to explain the involvement of Tau in neurodegeneration have been discussed to date. Clinical symptoms and neuropathology in post-mortem AD brains correlate with the presence and distribution of NFTs, thus a link between toxicity and the conformational changes in aggregating Tau was presumed (17) (18) (19) (20) . However, other data suggest that aggregate formation is rather a protective cellular response (21) . This hypothesis is supported by the finding that Tau-induced toxicity in mammalian neuronal cell culture in Caenorhabditis elegans and Drosophila melanogaster occurs without the presence of NFTs (22) (23) (24) (25) . In addition, it is known that Tau binds to and stabilizes MTs, the main tracks of axonal transport. Increased detachment of Tau causes a destabilization and breakdown of the MT network. In highly compartmentalized neurons with their axonal projections, this will eventually cause an interruption of axonal transport (26) (27) (28) . In addition to this loss-of-function impact on the MT-based transport, several studies revealed a direct interaction of Tau and axonal transport mechanisms. It has been shown that hyperphosphorylated but still soluble Tau protein is decreasing efficiency of axonal transport in vivo (29) . Even direct interactions with key players of the transport machineries have already been reported (30) .
To gain more insights into these molecular mechanisms, we performed an unbiased genetic screen in Drosophila, set to identify modifiers altering Tau toxicity. In the past, Drosophila has proved to be a useful model organism to analyze pathomechanisms of human neurodegenerative diseases (31) (32) (33) (34) . In particular, the short lifespan and availability of genetic tools in Drosophila have made it the model organism of choice for identifying genetic interactions. To achieve this, we utilized a library of RNAi lines comprised of almost all fly genes having a human ortholog (35) that covers roughly 50% of all protein coding genes in Drosophila. The RNAi lines allowing Gal4-dependent expression of inverted repeat (IR) sequences. Once the IR is transcribed, the resulting RNA forms short hairpins (shRNA). These in turn will be recognized and processed by the endogenous RISC complex, eventually resulting in silencing of the targeted gene by RNA interference (RNAi) (36, 37) .
Our results suggest that impaired function of transport by the Dynein/Dynactin complex strongly enhances Tau-induced toxicity.
Results

An RNAi screen to identify modifiers of Tau-induced toxicity
Eye-specific (GMR-Gal4) expression of Tau[R406W] (GMR>Tau [R406W]) resulted in a rough eye phenotype (REP) in adult flies (Fig. 1A) . The severity of the Tau-induced REP correlated with the loss of photoreceptors (22) and has been proved to be sensitive readout for genetic modifications (38, 39) . Thus, we used changes in REP appearance as an indicator for a genetic interaction. In the context of the screen, we first eliminated all RNAi fly lines that after being crossed to GMR-Gal4 produced offspring with an REP. Using this criterion, 857 lines were excluded as the combined expression with Tau[R406W] would putatively enhance the Tau-induced REP in a non-specific manner. Next, we proceeded with the remaining 6889 lines (Fig. 1B) . These lines were crossed with GMR>Tau[R406W], and the F1 generation was screened for robust changes in the Tau-dependent REP. A total of 86 genes were identified to modify Tau[R406W]-induced toxicity when silenced via RNAi. An overview of the primary screen and a brief summary of screen results are depicted in Figure 1B .
Specificity of candidates
Next we wondered whether the identified candidates are specific modifiers of the Tau-induced REP. We were aware of the fact that RNAi-mediated silencing of some genes might render retina cells susceptible to toxic insults. Thus, we assayed our candidates for their ability to modify toxicity induced by proteins/peptides linked to neurodegenerative diseases other than tauopathies. As different disorders usually display different etiologies, we assumed that Tau-specific modifiers should not have an impact on REPs induced by the expression of these proteins/peptides. GMRGal4-driven expression of a C-terminal fragment of ATXN3 (Ataxin-3) with a stretch of 78 glutamines ( polyQ) results in an REP that is sensitive towards genetic modification (35, (40) (41) (42) (43) . Thus, we investigated whether the 86 Tau[R406W] modifiers identified in our screen might have similar effects on the REP, induced by polyQ (Supplementary Material, Fig. S1 ). We found that the majority of candidates (62 out of 86 modifiers) were uniquely modifying Tau[R406W]-induced toxicity (Fig. 1B) . We grouped these specific candidates in functional categories according to assigned Gene Ontology (GO) annotations (Fig. 1C) and identified expected categories (e.g. phosphatases and kinases). An overview of the specific modifiers of Tau[R406W] and assigned GO annotations is provided in Table 1 . Twenty-four modifiers similarly effected toxicity caused by Tau[R406W] or polyQ expression. This suggests that silencing these genes might limit overall fitness of cells or impair mechanisms reducing the ability of cells to cope with disease-linked proteins/peptides. To further test this hypothesis, we used the fact that GMR-Gal4-driven expression of TAR-DNA binding protein-43 (TDP-43), a protein linked to amyotrophic lateral sclerosis (ALS) and frontotemporal lobal degeneration (FTLD) causes an REP in flies (Supplementary Material, Fig. S1 ). Indeed, we found that except one, all tested modifiers, which affected Tau-and polyQ-induced phenotypes, similarly enhanced or suppressed TDP-43-induced REPs (Supplementary Material, Table S1 ).
Toxicity of wild-type and mutant Tau is similarly altered by modifiers
Mutations in mapt (e.g. Tau[R406W]) are linked to FTDP-17 with FTLD-tau pathology. To test whether the modifiers identified in our screen specifically alter Tau[R406W]-induced toxicity or represent general modifiers for Tau-induced toxicity, we analyzed the ability of our candidates to also change toxicity induced by overexpression of human wild-type Tau (Tau[WT]). To comparatively analyze the different Tau variants in vivo, we first generated new transgenic fly lines by using the ɸ-C31 site-specific recombination (44) . By site-specific introduction of transgenic constructs, position effect variegation is minimized resulting in comparable Tau expression levels ( Fig. 2A) . Driving the expression of either Tau [WT] or Tau[R406W] by GMR-Gal4, we observed a moderate REP without any obvious differences in strength (Fig. 2B) (Fig. 2B) .
Silencing members of the Dynein/Dynactin complex enhanced Tau[R406W]-induced REP Expression of shRNA directed to silence expression of Dynein heavy chain 93AB (dhc93AB), Glued ( p150) and Dynamitin ( p50) selectively enhanced the Tau-induced REP ( Table 1 ). The corresponding three genes code for key members of the multi-protein Dynein/Dynactin complex, schematically depicted in Figure 3A .
In addition, we identified three Dynactin subunits, p62, p25 and Arp11, as subtle enhancers of REP. Although the observed subtle modifications did not pass our restrictive thresholds set in the primary screen, an enhancement of the Tau-induced REP by RNAi-mediated silencing of these genes was evident (Fig. 3B) Silencing members of the Dynein/Dynactin complex impairs retrograde axonal transport
The Dynein/Dynactin complex is thought to mediate retrograde transport (46) . In order to investigate whether the retrograde transport is impaired in the case of p50 silencing, we analyzed transport of mitochondria in segmental nerves of Drosophila larvae. Mitochondria were chosen to analyze axonal transport impairment. Overexpression of tagged transported cargo proteins might have an effect on overall vesicle abundance, which would falsify our analysis. Monitoring mitochondria movement in vivo, we found that upon p50 silencing, neither the speed nor the rate of transported mitochondria in the anterograde direction was impaired. As expected, the speed of retrograde transported mitochondria was also unaffected. Only the rate of mitochondria transported in the retrograde direction was significantly reduced in the case of p50 silencing (Fig. 3C) . Silencing of p150 glued , another member of the Dynein/Dynactin complex, had similar effects on transport of mitochondria (not shown). Thus, the reduced rates of retrograde transported mitochondria are most likely due to a reduced abundance of Dynein/Dynactin complexes upon silencing of p50/p150 glued . Potential off target effects are unlikely, as two independent RNAi lines silencing (Fig. 4C) . RNAi experiments can be confounded by off-target effects. Thus, we intended to independently verify our findings by impairing retrograde transport genetically without employing RNAi silencing components of the Dynein/Dynactin complex. To achieve this, we impaired retrograde transport by expression of a dominant negative variant of p150
Glued ( p150 Glued-DN ) (50,51).
Expression of p150 glued-DN robustly induced HRP immune reactivity ( Fig. 4D-F) , which was not further increased by concomitant expression of Tau[R406W] and p150 Glued-DN (Fig. 4D ).
The strong alterations of axonal membranes upon expression of p150 glued-DN compared with p50 RNAi expression suggest that detrimental effects in larvae with p150 glued-DN expression are more severe. To score for axonal swellings, we stained larval segmental nerves for the vesicular glutamate receptor (VGlut), another SV protein (52) . Although, p150
Glued-DN alone was sufficient to cause a strong increase in HRP immune reactivity in segmental nerves, only a mild accumulation of VGlut was observed. Importantly, these VGlut accumulations were exacerbated by concomitant expression of Tau[R406W] and p150 Glued-DN ( Fig. 4D-F impaired with regard to speed and rate of transported mitochondria. As expected, p50 silencing had no effect on the speed of transported mitochondria in the retrograde direction. However, p50 silencing significantly reduced the rate of retrogradely transported mitochondria. D42-Gal4 driver was used to achieve UASdependent expression of mito-GFP, Tau[R406W] and p50 RNAi in motor neurons.
Human
defects in locomotion. To that end, we performed the righting assay, a sensitive assay to detect minor impairments in motor coordination skills at the larval stage (28, 54) . Larvae expressing Tau [R406W] or p50 RNAi alone performed the righting task in the same time as controls. Even the combination of Tau with RNAi silencing p50 did not cause any changes in righting ability (Fig. 6A) .
To further probe the fidelity of synaptic function, we investigated larval crawling. We employed a custom-built software (Animaltracer) that allowed us to determine speed and distance travelled by larvae in a unbiased, automated manner (Fig. 6B) . We could not detect any significant difference in the locomotion speed between controls and larvae expressing either Tau[R406W] or p50 RNAi alone or concomitantly. Therefore, we assume that the observed defects in motor neurons in third-instar larvae represent a pre-symptomatic stage of disease without, or only mildly affecting neuronal function. Importantly, at this early stage, mild impairments of the retrograde transport are sufficient to dramatically exacerbate axonal perturbations caused by Figure S3 . One-way ANOVA followed by Bonferroni's multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.
ectopic expression of Tau[R406W] . Thus, these changes might be of importance for pathogenesis in tauopathies. Assuming this, the structural alterations on the cellular level observed at a rather early stage of disease should eventually cause dysfunction evident on the organismal level.
Impaired retrograde transport in combination with Tau [R406W] expression causes premature mortality and locomotion defects in adult flies
Pan neural expression of Tau[R406W] and concomitant silencing of p50 did not cause any locomotion deficits in larvae (Fig. 6 ). To investigate whether defects arise at later stages, we first analyzed eclosion rates of pupae. Neither pan neural p50 silencing nor Tau [R406W] expression alone did affect eclosion rates. In contrast, silencing of p50 in Tau[R406W] expressing larvae strongly reduced eclosion rates (Fig. 7A ). This observation confirmed our assumption that the pre-symptomatic signs of neuronal dysfunction become symptomatic over time. However, the pupal lethality prevented us from preforming further analysis using adult flies with pan neural expression. To address whether there were locomotion defects present in adult flies following expression of Tau[R406W] and concomitant impairment of retrograde transport machinery, we switched to a motor neuron-specific driver (D42-Gal4). Using this driver, we found that expression of Tau[R406W] in combination with p50 silencing had no impact on viability. Thus, we were able to perform climbing assays on aged adult flies. Assaying locomotion of flies with motor neuron-specific expression of Tau[R406W] in combination with p50 silencing, we observed an age-dependent decline in locomotion skills compared with controls (Fig. 7B) . This strongly suggests that cellular changes observed in pre-symptomatic larvae eventually impair neuronal function in adult flies.
Discussion
Drosophila has been successfully used to study tauopathies (22) . Utilizing the UAS/Gal4 system (55), several groups have shown that expression of human Tau (wild-type and mutant variants) is detrimental to fly neurons (22, 38, 39, 56) . Pan neural expression of Tau reduced the life span of flies accompanied by an agedependent degeneration of neuronal cell bodies, resulting in vacuolization of the fly brain (22) . Thus, Tau expression in flies recapitulates several key features observed in tauopathies (57) (58) (59) . Moreover, eye-specific expression of Tau caused the so-called REP. The severity of the Tau-induced REP correlates with the loss of photoreceptors and most importantly, Tau-induced REPs are known to be sensitive towards genetic modifiers. Thus, the REPs have been successfully used to identify suppressors and/or enhancers in genetic modifier screens (38, 39) . In contrast [R406W]-expressing background, concomitant p50 silencing did not further decrease SV abundance. One-way ANOVA followed by Bonferroni's multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.
Human Molecular Genetics, 2015, Vol. 24, No. 13 | 3631 to our work where we used Tau[R406W], previous screens used expression of either wild-type Tau or Tau[V337M] to induce an REP. An additional difference between former screens and ours is the selection of modifier libraries used. So far, rather small collections of transposable elements covering a maximum of 2000 fly genes were used. In contrast, our screen utilized a library of RNAi lines comprised of almost all fly genes having a human ortholog (35) . There are well-known drawbacks of using RNAi, mainly possible off-target effects and the ambiguous efficacy of gene silencing. However, the almost genome-wide coverage by the VDRC collection and the availability of sub-libraries like the "human ortholog" selection used here predominate these drawbacks. We screened roughly 50% of all protein coding genes of the fly genome. The specificity of our assays is highlighted by the fact that only a small number of genes (<1% of all genes analyzed) were identified to modify toxicity induced by Tau[R406W]. Cross-validation of identified candidates with previous screens performed in our laboratory revealed specific modifiers of Tau [R406W] toxicity, as they neither affected polyQ-induced REP nor changed RNAi-expression eye morphology per se. The mutant Tau[R406W] variant used in our screen is linked to FTDP-17. Evaluation of our candidates showed a common effect towards wild-type and the R406W mutant Tau variant. Except for Cwc25, all identified candidates might have a general implication in tauopathies, regardless of any disease-causing Tau mutation. Cwc25 is conserved among species from yeast to human. However, functional information on CWC25 protein is limited. Yeast-derived data suggest that CWC25 is part of the spliceosome and takes part in the initial steps of exon splicing (60, 61) . In our analysis, cDNA constructs were used for Tau expression. Thus, effects of splicing on Tau expression and abundance are unlikely. For this reason, we desisted from further analysis of Cwc25 in the context of Tau-induced toxicity.
In relation to other modifier screens of Tau-induced neurodegeneration, we report a number of novel modifiers not identified in alternative screens (38, 39) . The differences in modifiers obtained may be attributed to several differences in study design, namely (i) the use of different mutant Tau variants (Tau [WT] or Tau[V337M]), (ii) differences in Tau overexpression by the GAL4/ UAS system and (iii) different collections of P-element insertion lines used for screening (i.e. P{EP} and P{Mae-UAS.6.11}). Our modifiers were also largely distinct from those identified in a C. elegans model of tauopathy (24, 62) (Fig. 8 ). Despite these differences, also common results were found like proteins of the DDX, SLC and Vha family. Also one kinase, TAOK1 or MARKK, is present in three of the four screens (subtle enhancer in the present screen). These common modifiers demonstrate the significance of the proteins in Tau pathology. In our screen, we identified several lethal interactions: silencing of several candidates caused lethality in combination with Tau expression. This suggests that relatively small changes in the abundance of key protein (function) can strongly modify Tau toxicity. Thus, little alterations in protein function (e.g. by inhibitors) could have enormous effects on Tau-induced toxicity, an encouraging point regarding the development of potential therapeutic treatments. In addition, the results may assist in identifying biomarkers that are predictive of neurodegenerative tauopathies.
Our screen identified several members of the Dynein/Dynactin complex. Especially the key components of the complex, p150 glued and p50, were identified as enhancers of Tau-induced toxicity (Fig. 3) . Interestingly it was shown that the N-terminal part of Tau directly interacts with p150 glued (30) . Although the authors found Tau to be responsible for stabilization of Dynein/ Dynactin at the MT, our findings suggest a more complex interaction, as the impaired Dynein/Dynactin complex contributes to Tau-induced pathology. Detailed analysis showed that an impaired retrograde transport and concomitant Tau expression caused accumulation of synaptic proteins in axons of segmental nerves (Fig. 4) . Interestingly, these accumulations had no major impact on synaptic function, as larval locomotion was not impaired (Fig. 6B ). This suggests that we analyzed a presymptomatic stage of tauopathies. Nevertheless, adult flies with Tau[R406W] and concomitant p50 RNAi displayed a reduction in geotaxis 10 days after eclosion (Fig. 7B) . Alterations in axonal transport are commonly observed in several severe neurodegenerative diseases like ALS (63), spinal muscular atrophy (64), hereditary spastic paraplegia (65), AD (66) (67) (68) , polyglutamine diseases (69,70), Parkinson's disease (71) and Charcot-Marie-Tooth disease (72) (73) (74) . Tau, as an MT binding protein, is predominantly present in the axonal compartment, where it binds to and stabilizes MTs, the tracks for transport. Pathological changes in the Tau protein have an impact on the MT-based transport. As MTs serve as the tracks for axonal transport, a decreased efficiency of axonal transport in vivo is observed in the presence of hyperphosphorylated Tau (29) . On the other hand, an excess of Tau bound to MTs impairs MT-based transport, too. For example, some Kinesin motor proteins (responsible for anterograde transport) are known to pause or even detach from MT due to enhanced interaction with MTbound Tau. Dynein/Dynactin motor proteins do not detach, but rather show a transient reversal of direction upon interaction with Tau on MTs (75). Hyperphosphorylated Tau decreases transport efficiency in vivo (29) and leads to "traffic jams" by disorganized MTs (76) . Shifting the ratio of Tau bound or unbound to MT has impact on the MT network of axons and accordingly on axonal transport (59) . Phosphorylation of Tau at multiple sites causes its detachment from the MTs. Accumulation of MT detached Tau might also sterically block axonal transport (53) . In summary, the detailed mechanisms of how Tau influences motor proteins in vivo still remain elusive.
Our findings suggest that an impaired retrograde transport enhances Tau-induced toxicity. Moreover, detailed analysis of segmental nerves and NMJs in Drosophila larvae implies that impairment in retrograde axonal transport precedes detrimental changes at the synapse. Although there were only minor defects observed at synapses in larvae with Tau[R406W] expression and concomitant silencing of p50 (Fig. 5) , these larvae showed significantly more axonal abnormalities when compared with controls (Fig. 4) . Although axonal and/or synaptic defects will eventually cause neuronal dysfunction, our in vivo analysis suggests thatat least in the model used by us-it starts with axonal defects.
In summary, we performed a large-scale, unbiased screen for modifiers of Tau[R406W]-induced toxicity. As a result, we identified a number of known and unknown modifiers. The first proving the robustness of our screening approach, the latter providing insights into new mechanisms contributing to toxicity in tauopathies. Moreover, we show that an impaired retrograde transport strongly enhances Tau-induced toxicity and that detrimental effects first appear in the axonal compartment rather than the synapse.
Materials and Methods
Flies
Flies were raised and maintained on standard cornmeal-agaryeast food at 25°C. Unless otherwise specified, experiments with D. melanogaster larvae and adults were conducted at 25°C. UAS-shRNA fly lines were obtained from the Vienna Drosophila Resource Centre (VDRC). A list of VDRC transformant IDs is available on request. 
Screening
Screening was performed using a screening stock with eyespecific Tau expression (w;P{w[+mC] = Gal4-ninaE.GMR}/CyO;P{w
flies were crossbred with male flies from the UAS-shRNA library and F1 generation was analyzed with regard to changes in the Tau[R406W]-induced REP. At least 10 flies ( preferentially five males and females) were used to determine REP severity. Modifiers of the screening phenotype were categorized as suppressors or enhancers, whereas the latter were subdivided into enhancers and lethal interactions. Modifiers were confirmed by at least three biological replicates.
Documentation of compound eye phenotypes
Documentation of compound-eye phenotypes was achieved using an Olympus SZX10 equipped with a SC30 camera and Cell A acquisition software. Selected REPs were documented using scanning electron microscopy (SEM). Unfixed and uncoated flies were imaged using ESEM XL30 FEG scanning electron microscope by FEI, Eindhoven, in "low-vacuum mode" (0.8-1.5 Torr) and an accelerating voltage of 10 kV. Adobe Photoshop was used to rotate and crop images.
Negative geotaxis analysis
Negative geotaxis analysis was performed using male flies raised at 18°C and transferred to 29°C after eclosure. Five and 10 days after eclosion, groups of 10 flies were gently tapped down and the number of flies passing 8 cm height in 10 s was counted (10 repetitions). The minimal number of flies tested per genotype and time point was 44.
Eclosion rates
Eclosion rates indicate the proportion of adult flies hatched from pupae. Flies were allowed to deposit eggs for 24 h in standard food vials. Afterwards, vials were cleared and eggs were placed at 29°C. Upon hatching, adult flies were removed constantly, until flies no longer emerged. Subsequently, eclosed and un-eclosed pupae were counted. Eclosion rates ( percent) were calculated by determining the ratio of empty pupae to the total number of pupae in each vial.
Righting assay
Righting assay was performed essentially as previously described (54) . In brief, size-matched female L3 larvae were collected and placed for 10 min on an agar plate to acclimatize to the experimental conditions before performing the assay. Larvae were placed upside down on the agar plate, and the total time required to regain normal orientation and to initiate the first contraction wave was recorded. Twenty larvae were analyzed per genotype. Each larva was assayed three times. The average righting time per trial was used for analysis. Data were normalized to control.
Larval locomotion
Larval locomotion defects are tested by larvae locomotion speed and using the righting assay. The larvae locomotion speed was quantified as previously described (48) . To measure locomotion speed, we placed up to 200 larvae on a 15 × 15 cm agar plate and filmed for 10 min. Locomotion of the larvae were analyzed with the custom-built software Animaltracer. This software was on the basis of the MATLAB software package Worm Tracker & Track Analyzer (Department of Molecular and Cellular Physiology at Stanford University). This algorithm can be divided into two parts: the larval tracker and the track analyzer. The larval tracker identifies and tracks individual larvae within a movie. The track analyzer analyzes the movies and returns the size and the velocity of single larvae. Average locomotion speed is calculated for every movie. Larvae that touched each other were automatically excluded from analysis, and larvae with velocities less than 10% of average velocity of the respective genotype were likewise excluded from analysis. A minimum of six movies per genotype were analyzed. For all further statistical analysis, n was defined as the number of movies analyzed.
Western blot
Western blot was performed using fly heads homogenized in radioimmunoprecipitation assay buffer (50 m Tris, pH 8.0, 150 m NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1× protease inhibitors (Roche), 1% Nonidet P-40). Lysates were separated on 12% gel by SDS-polyacrylamide gel electrophoresis. Proteins were transferred to nitrocellulose membrane. Membrane was blocked with 5% (w/v) skimmed milk Tris-buffered saline containing 0.1% Tween-20. For detection of proteins, the following primary antibodies were used: mouse anti-Tau (1:500) and anti-Syntaxin (1:1000), both obtained from the Developmental Studies Hybridoma Bank (DSHB). Secondary HRP-coupled antibodies (1:10 000, Amersham) were used for chemiluminescence detection (Immun-Star™, WesternC™ Chemiluminescent Kit, BioRad).
Immunohistochemistry
Immunohistochemistry of larval filets was performed as previously described (77) . In brief, third-instar larvae were raised at 29°C and cut open along the dorsal midline. After removal of the inner organs, larvae were fixed for 10 min and stained with primary and secondary antibodies. Primary antibodies were applied overnight (4°C) and secondary antibodies were incubated for 2 h at room temperature. The following reagents were used: fixative, 4% paraformaldehyde in phosphate-buffered saline (PBS); washing solution: polybutylene terephthalate (PBT; PBS supplemented with 0.05% Triton X100); and blocking solution: 5% normalized goat serum in PBT. Larval preparations were mounted in Vectashield (Vector Laboratories). Primary antibodies were used in the following dilutions: mouse anti-CSP (DSHB) 1:50, mouse anti-Tubulin (DSHB) 1:100 and rabbit antiDVGlut (gift from Hermann Aberle) 1:1000. Goat anti-HRP-Cy3 antibody (Dianova) was used at a dilution of 1:500. Secondary antibodies mouse-Alexa-568 and rabbit-Atto 647 (Molecular Probes) were used at a dilution of 1:500.
Illness scores
Illness scores were defined to analyze the integrity of nerve terminals in a double-blinded neurodegenerative scoring paradigm. Here, we took into account occurrence of dystrophic boutons and inhomogeneity of HRP staining at the NMJs as a measure of the degree of pathological alterations. We assigned an illness score ranging from 0 to 4, with 0 being healthy NMJs with no apparent dystrophic boutons and inhomogeneity of HRP and 4 for most severe degenerative changes as a measure of the degree of neurodegenerative alterations in nerve terminals.
Microscopy and image analysis
Microscopy and image analysis were performed as previously described (48) . Samples were imaged on a Zeiss LSM 710 confocal microscope equipped with 405, 445, 488, 514, 561 and 633 Laser Lines and ConfoCor 3 Scanhead. Unless otherwise noted, the following settings were used: objective: 40× plan Apochromat, 1.3 N. A.; Voxel Size: 100 nm × 100 nm × 500 nm; pinhole: 1 AU, average: 2-4. Samples were imaged at the maximum level of brightness, while avoiding saturation. For quantitative comparisons of intensities, common settings were chosen so as to avoid saturation in any of the genotypes. Images were processed as follows: (1) brightness and contrast were adjusted. (2) If appropriate, a Gaussian filter (radius = 2) was applied to the z-stack. (3) Brightness and contrast were adjusted. The relevant slices of the modified stacks were maximum-projected. Projected images were scaled by 2. For better visualization, sometimes a gamma adjustment (gamma = 0.75) was applied as indicated in the figure legend. ImageJ 1.41o, 1.44p or 1.45 s (US National Institutes of Health; http://rsb.info. nih.gov/ij/download.html) was used to process and analyze images.
In vivo imaging
In vivo imaging of transport was essentially performed as previously described (78) (79) (80) , using a Zeiss LSM 710 confocal microscope equipped with a 40× Plan Apochromat Objective (1.3 N. A.). For better visualization of moving mitochondria, all mitochondria in a 20 µm segment of the nerve were bleached. This allowed for easy visualization of moving particles passing through the bleached region. Imaging was performed in anesthetized larvae using an excitation light of 488 nm wavelength. Range of wavelength absorption: 505-550 nm. The following settings were employed for time series: z-planes: 10; voxel size: 290 nm × 290 nm × 1500 nm, pinhole: 1.6 AU, average: 2, time settings: 150 cycles each being approximately 5 s long.
Statistical analysis
Statistical analysis was calculated using GraphPad Prism software. Plotted is mean and standard deviation (SD). Data were analyzed by either one-way or two-way analysis of variance (ANOVA) followed by Bonferroni's post-hoc test. Only significant differences are marked in figures. *P < 0.05; **P < 0.01; ***P < 0.001.
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